Abstract: Can iron enhanced sand filtration capture total phosphorus and soluble phosphorus (phosphate) from agricultural tile drainage? A monitoring study measured the total phosphorus and phosphate capture performance of an iron enhanced sand filter (IESF) installed to treat agricultural tile drainage in Wright County, MT, USA. Overall, for natural rainfall-induced tile drainage events monitored between June and November 2015 and again in 2016, the IESF captured 66% ± 7% (α = 0.05, n = 21) of the influent total phosphorus mass and 64% ± 8% (α = 0.05, n = 31) of the influent phosphate mass. Removal of total phosphorus and phosphate was approximately uniform for large and small rainfall-induced tile drainage events and varied from 42% to 95% for total phosphorus and 9% to 87% for phosphate. The IESF treated 290 m of treated depth since installation, and results indicate that performance is similar or better than constructed wetlands or other IESFs, though not as good as laboratory experiments of IESFs. Routine and non-routine maintenance was performed throughout the project to ensure adequate phosphorus capture and flow rate through the IESF.
Introduction
Rainfall and snowmelt on urban or agricultural landscapes typically produces enough water to generate flow over the surface of the landscape, which is called stormwater runoff. In agricultural watersheds, there are often buried perforated pipes called drain tiles that collect soil moisture and discharge it downstream, which allow the soils to be farmed. The flow from these drain tiles, called tile drainage, has important characteristics such as volume and rate as well as water quality characteristics such as temperature, pH, and pollutant concentrations. One such pollutant of concern is phosphorus, which can be either particulate (≥0.45 µm in size) or soluble (dissolved and <0.45 µm). In stormwater runoff, tile drainage, and surface water bodies, soluble phosphorus is most often in the form of phosphate (PO 4 3− ) [1] . Though many terms such as dissolved phosphorus, soluble reactive phosphorus, and ortho-phosphate have been used, this article will use the term "phosphate" to describe the soluble reactive phase of phosphorus. In agricultural watersheds, phosphate sources include natural organic matter, crop biodegradation, natural and synthetic fertilizers, and livestock waste, among others. Phosphate is more bioavailable than particulate phosphorus [2] , and thus typically limits biological growth in temperate non-marine surface water ecosystems [3] [4] [5] . When in excess, however, phosphate often generates nuisance algae blooms and eutrophic conditions in these ecosystems [6] .
Sedimentation (i.e., particle settling) and filtration (i.e., sieving) are two mechanisms used by typical urban stormwater control measures (SCMs) such as wet ponds, dry ponds, and sand filters to capture particulate forms of phosphorus. Phosphate, however, is often not captured by most SCMs identified as a Palustrine, Emergent, Persistent, Temporary Flooded, and Farmed (PEM1Af) according to the Minnesota Department of Natural Resources National Wetland Inventory [20] .
Iron-Enhanced Sand Filter Design
The IESF was designed with the filter media surface up to 30 cm below the natural topography. The intercepted drain tile discharged onto the surface of the IESF, and berms were installed around the IESF to provide storage volume up to approximately 30 cm above the IESF surface. The berms also prevented overland flow from entering the IESF from the surrounding areas and the nearby ditch. A photo of the IESF shortly after construction is provided in Figure 1 . At the time of construction, the IESF media bed was approximately 6.1 m wide, 15.2 m long, 30 cm thick and contained 94% ASTM C-33 concrete sand [21] and 6% iron filings by weight. Below the IESF media was a layer of approximately 15 cm of pea gravel encompassing a 15-cm diameter PVC perforated pipe underdrain system designed to collect water after filtration. This underdrain system consisted of two longitudinally-oriented pipes along the length of the IESF (from influent to effluent). This system connected to a single 20-cm diameter outlet pipe and to a vertical pipe extending above the IESF surface to allow for cleanout access and sample collection (white vertical pipe visible in Figure 1 and illustrated in Figure 2 ). The IESF was lined with an impermeable liner such that water only enters the IESF through the surface. After water was filtered by the media and collected by the underdrain system, it was routed through a 20-cm diameter solid pipe for roughly 61 m to be discharged into the nearby ditch. At the time of construction, the IESF media bed was approximately 6.1 m wide, 15.2 m long, 30 cm thick and contained 94% ASTM C-33 concrete sand [21] and 6% iron filings by weight. Below the IESF media was a layer of approximately 15 cm of pea gravel encompassing a 15-cm diameter PVC perforated pipe underdrain system designed to collect water after filtration. This underdrain system consisted of two longitudinally-oriented pipes along the length of the IESF (from influent to effluent). This system connected to a single 20-cm diameter outlet pipe and to a vertical pipe extending above the IESF surface to allow for cleanout access and sample collection (white vertical pipe visible in Figure 1 and illustrated in Figure 2 ). The IESF was lined with an impermeable liner such that water only enters the IESF through the surface. After water was filtered by the media and collected by the underdrain system, it was routed through a 20-cm diameter solid pipe for roughly 61 m to be discharged into the nearby ditch. Previous studies have recommended that IESF media oxidize (i.e., rust) to allow for creation of sorption sites [17, 18] . For this site, the underdrain outlet was rarely submerged from downstream, which allowed water to freely drain by gravity and atmospheric oxygen to reach the bottom of the IESF media through the underdrains. When there was no ponding, atmospheric oxygen also penetrated the surface of the IESF. The impermeable liner prevented adjacent groundwater from saturating the media between rainfall-induced tile drainage events. This seemed to be sufficient for oxidation of the IESF media.
Measurements
Natural rainfall-induced tile drainage events were monitored beginning 26 June 2015 and continued until 20 November 2015. Monitoring equipment was removed for the winter and reinstalled on 14 May 2016 where it remained until 7 November 2016. It is important to note that several precipitation events occurred during December through May, outside the periods when monitoring equipment was installed, and are not discussed in this Article.
Parameters were measured at the site including rainfall, tile drainage volume, flow rate out of the IESF, and concentration of total phosphorus and phosphate in water samples. For each rainfallinduced tile drainage event, water samples were collected from the influent and effluent of the IESF (described in Section 2.3.2). Rainfall, air temperature, and flow rate data were stored on a Campbell Scientific CR1000 data logger and were either downloaded directly from the data logger or transmitted by a Raven XT model V2227-VD cellular modem (Sierra Wireless, Richmond, BC, Canada). Samples were collected by ISCO automatic samplers (described in Section 2.3.2). Rainfall and air temperature were measured by a TR-525I tipping bucket rain gauge (Texas Electronics, Dallas, TX, USA; measured in 0.25 mm increments) and by a shielded air temperature sensor (RM Young, Traverse City, MI, USA), respectively. All equipment was powered by 12-Volt deep-cycle marine batteries which were charged by 50-Watt, 12-Volt Polycrystalline solar panels (Renogy, Ontario, CA, USA) using Wanderer 30-Amp PWM charge controllers (Renogy, Ontario, CA, USA).
Flow Rate Measurement
Influent flow rate was not measured due to minimal elevation change, (i.e., low available head) that prevented the use of a weir or flume, and low velocity and flow rate values that prevented the use of a flow meter. Because the IESF has an impermeable liner, however, it was assumed that all water that entered the IESF from the surface would also exit through the underdrain collection system. Evapotranspiration from the IESF was assumed to be negligible during sampling because (1) vegetation was removed from the IESF during routine maintenance, and (2) the ponding time on top Previous studies have recommended that IESF media oxidize (i.e., rust) to allow for creation of sorption sites [17, 18] . For this site, the underdrain outlet was rarely submerged from downstream, which allowed water to freely drain by gravity and atmospheric oxygen to reach the bottom of the IESF media through the underdrains. When there was no ponding, atmospheric oxygen also penetrated the surface of the IESF. The impermeable liner prevented adjacent groundwater from saturating the media between rainfall-induced tile drainage events. This seemed to be sufficient for oxidation of the IESF media.
Measurements
Parameters were measured at the site including rainfall, tile drainage volume, flow rate out of the IESF, and concentration of total phosphorus and phosphate in water samples. For each rainfall-induced tile drainage event, water samples were collected from the influent and effluent of the IESF (described in Section 2.3.2). Rainfall, air temperature, and flow rate data were stored on a Campbell Scientific CR1000 data logger and were either downloaded directly from the data logger or transmitted by a Raven XT model V2227-VD cellular modem (Sierra Wireless, Richmond, BC, Canada). Samples were collected by ISCO automatic samplers (described in Section 2.3.2). Rainfall and air temperature were measured by a TR-525I tipping bucket rain gauge (Texas Electronics, Dallas, TX, USA; measured in 0.25 mm increments) and by a shielded air temperature sensor (RM Young, Traverse City, MI, USA), respectively. All equipment was powered by 12-Volt deep-cycle marine batteries which were charged by 50-Watt, 12-Volt Polycrystalline solar panels (Renogy, Ontario, CA, USA) using Wanderer 30-Amp PWM charge controllers (Renogy, Ontario, CA, USA).
Flow Rate Measurement
Influent flow rate was not measured due to minimal elevation change, (i.e., low available head) that prevented the use of a weir or flume, and low velocity and flow rate values that prevented the use of a flow meter. Because the IESF has an impermeable liner, however, it was assumed that all water that entered the IESF from the surface would also exit through the underdrain collection system. Evapotranspiration from the IESF was assumed to be negligible during sampling because (1) vegetation was removed from the IESF during routine maintenance, and (2) the ponding time on top of the IESF was less than 24-48 h for most rainfall-induced tile drainage events. Thus, effluent flow rate from the IESF was measured and assumed to be similar to the influent flow rate.
The effluent flow rate was measured with a V-notch weir that was fabricated, calibrated, and installed within an Agri Drain flow control structure (20 cm pipe connection, 60 cm tall, 29.5 cm wide, 30 cm long) located at the end of the 20-cm diameter discharge pipe (Figure 2 ). Measuring the flow rate near the discharge location minimized the potential for water surcharging into the underdrains and maximized the allowable water depth over the weir. Because the water level in the downstream culvert could affect flow rate over the weir, the water level upstream and downstream of the weir was measured using two separate Campbell Scientific CS450 pressure sensors. These sensors were fixed in elevation and protected from debris by encapsulating them in 2.5-cm PVC pipes. The flow rate was calculated using Equation (1),
where Q = discharge (m 3 /s), C dv = weir discharge coefficient (C dv = 0.601), θ = angle of V-notch (36.9 • = 0.644 rads), g = acceleration of gravity (9.81 m/s 2 ), H 1 = total upstream head (i.e., water depth) above the lowest point of the V-notch weir (m), and H 2 = total downstream head (i.e., water depth) above the lowest point of the V-notch weir (m) [22, 23] . The accuracy of Equation (1) was tested in the laboratory by measuring flow rate and comparing the measured value to the predicted flow rate based on Equation (1). The Root Mean Square Error was 0.22 L/s for 634 flow rate calibration measurements, up to a maximum of 6 L/s. It can be noted that Equation (1) simplifies to the V-notch equation [22] when the downstream head (H 2 ) is zero.
Water Sample Collection and Storage
Water samples were collected from within the inlet pipe (influent samples) and also where the underdrain system below the IESF connected to the discharge pipe (effluent samples), as shown in Figure 2 . Automatic water samplers (model 6712, ISCO, Lincoln, NE, USA) were used to collect volume-weighted composite samples, one each from the influent and effluent, for each rainfall-induce tile drainage event. Sample collection began when rainfall exceeded a minimum threshold of 0.05 cm and flow rate exceeded 0.28 L/s. Sampling continued until the flow rate decreased to below 0.28 L/s. During sampling, the automatic samplers collected an aliquot of 90 mL for every 5.66 m 3 of tile drainage volume over the weir, and added the 90-mL aliquot to the composite sample bottle stored within the sampler. Influent and effluent samples were collected simultaneously because influent flow rate was not measured (see Section 2.3.1). The residence time between influent and effluent sample locations during sampling was expected to be approximately 15 min based on IESF media depth and previous IESF studies [17] [18] [19] . While samples are stored within the automatic samples, it was assumed that biological transformations between particulate phosphorus and phosphate are minimized in these samples because (1) the samples are not exposed to natural sunlight, and thus photosynthetic activity was minimal, and (2) non-photosynthetic biological activity (e.g., bacterial growth) was not visible in the samples.
Automatically-collected water samples were retrieved from the site within 8 h 45 min from the time that the last aliquot was added to the composite sample. Upon retrieval, samples were transported approximately 45 min to the laboratory where a portion of each sample (typically three separate~45 mL sub-samples) was immediately separated and labeled for total phosphorus analysis. Another portion (typically one~45 mL sub-sample) was immediately filtered through a 0.45-micron filter in preparation for analysis of phosphate. Samples were frozen immediately after subsampling and filtering if they could not be analyzed immediately.
Analysis

Water Sample Analysis
Volume-weighted composite samples were analyzed at St. Anthony Falls Laboratory, Minneapolis, MN, USA. Total phosphorus analysis followed standard methods section 4500-P B5-Persulfate Digestion method [24] and phosphate was measured according to standard methods section 4500-P E-Ascorbic Acid [24] with a minimum detection level of 10 µg P/L. The only deviation from these methods was that samples were not acidified prior to storage because they were either analyzed or frozen immediately after delivery to the laboratory.
Statistical Analysis
For some calculations of average values (e.g., volume-weighted average concentration, average load capture efficiency), the 95% confidence interval of the average was also calculated using
where t = student t value for α = 0.05, α = level of significance, s = standard deviation, and n = number of measurements or samples [25] . Student t values were used because most values of n were near or below 30, and the standard deviation was calculated from the number of available measurements (n). Whenever values are reported with a "±" symbol (e.g., 2.23 ± 0.70 cm), these values are the average ± the 95% confidence interval of the average as given by Equation (2).
Event and Baseflow Separation
For the periods in which monitoring equipment was installed (generally May to November), flow rate data were compiled and separated into rainfall-induced tile drainage "events" and "baseflow," with baseflow defined as periods with flow rate < 0.28 L/s. In addition, equipment failure occurred during some events and thus samples were not collected properly. For these events, the flow rate was considered "non-sampled" rainfall-induced tile drainage events. For other events, equipment malfunction or extreme flow rate conditions resulted in unreliable flow rate data. These events are not reported and considered "missed." Finally, total phosphorus was not measured in samples collected in 2015. With this grouping of events, the performance of the IESF was assessed for a total of 33 rainfall-induced tile drainage events (13 in 
Calculations
The concentration of volume-weighted composite samples is equivalent to the event mean concentration (EMC) [26] . The volume-weighted average EMC is equivalent to the total influent load (e.g., 1273 g) divided by the total tile drainage volume (5891 m 3 ) for all the rainfall-induced events. The total phosphorus capture performance can be expressed as the percent reduction in load between the influent and effluent [26] .
A common metric for understanding the longevity of IESFs is the depth of water treated [17, 18] . This depth represents the amount of water that has passed through the IESF since its construction, and indirectly represents the amount of phosphate that has been captured by the IESF. To calculate the treated depth, the total volume of water treated by the IESF from the time it was constructed is divided by its surface area. The total volume of water treated can be estimated from the hydraulic loading rate, historical rainfall and flow data, computer modeling of hydrologic processes, or some combination thereof.
Results and Discussion
The performance of the IESF for capturing total phosphorus and phosphate from agricultural tile drainage was assessed by monitoring natural rainfall-induced tile drainage events during 2015 and 2016. Routine and non-routine maintenance performed since installation of the IESF resulted in a reduction between influent and effluent total phosphorus and phosphate loads on the receiving water body for all rainfall-induced events measured during this study. The performance results of the IESF based on monitoring is discussed in the following sections, though all data and results, which includes some information based on grab samples, are reported in [27] .
Rainfall Event Performance and Continuous Monitoring
Rainfall and Tile Drainage Volume
Rainfall depth varied from 0.05 to 7.32 cm per event with an average of 2.23 ± 0.70 (α = 0.05, n = 30) cm. As is typical for rainfall, the average (2.23 cm) was greater than the median (1.82 cm) for the rainfall depth, which was also true for the rainfall duration, average rainfall intensity and tile drainage volume because several large rainfall events skew the average towards larger values and many small events skew the median towards smaller values. Annual precipitation measured at a municipal airport (Buffalo, MN; KCFE) approximately 8.7 km northwest of the IESF was 53. To determine if this agricultural watershed was representative of the region, the rainfall and tile drainage volume were compared [27] to other agricultural sites monitored by Discovery Farms Minnesota (DFM). The monitored rainfall depth at the IESF site was 10-25% less than the average rainfall measured at the DFM sites because equipment failure at the IESF site prevented measurement of some rainfall events during the monitoring period of June through November in both 2015 and 2016. The tile drainage "runoff coefficient" for the IESF (0.12) was similar to the average "runoff coefficient" measured at the nine DFM sites (0.125) [27] . This suggests that tile drainage characteristics of the IESF site are consistent with other agricultural sites in a similar climate for the time period between 2011 and 2016. . This was expected because the increase in tile drainage was in response to additional rainfall.
Total Phosphorus
Summary statistics for total phosphorus are shown in Figure 3 and reported in detail in [27] . Analysis of volume-weighted composite samples collected as part of this project revealed that the influent total phosphorus Event Mean Concentration (EMC) varied from 138 to 1516 µg/L with a volume-weighted average EMC of 370 ± 168 (α = 0.05, n = 20) µg/L. Capture of total phosphorus by the IESF was the combination of particulate phosphorus captured on or within the IESF by filtration and capture of phosphate within the IESF media through sorption with iron. Effluent total phosphorus EMC varied from 56 to 343 µg/L with a volume-weighted average EMC of 125 ± 30 (α = 0.05) µg/L. The total phosphorus load was reduced by 66.3% from 1274 g to 429 g. The arithmetic average (sum divided by n) influent and effluent load was 63.7 ± 22.1 g and 21.5 ± 9.6 g, respectively. Because the influent volume is assumed to equal the effluent volume for every rainfall-induced tile drainage event, the total load reduction percent was mathematically equivalent to the average load reduction (66.3%). The 95% confidence interval of the average as given by (2) was calculated based on the standard deviation of percent load reduction for 20 events. Thus, the total phosphorus load decreased by 66.3% ± 6.7% (α = 0.05, n = 20). . This was expected because the increase in tile drainage was in response to additional rainfall.
Summary statistics for total phosphorus are shown in Figure 3 and reported in detail in [27] . Analysis of volume-weighted composite samples collected as part of this project revealed that the influent total phosphorus Event Mean Concentration (EMC) varied from 138 to 1516 µg/L with a volume-weighted average EMC of 370 ± 168 (α = 0.05, n = 20) µg/L. Capture of total phosphorus by the IESF was the combination of particulate phosphorus captured on or within the IESF by filtration and capture of phosphate within the IESF media through sorption with iron. Effluent total phosphorus EMC varied from 56 to 343 µg/L with a volume-weighted average EMC of 125 ± 30 (α = 0.05) µg/L. The total phosphorus load was reduced by 66.3% from 1274 g to 429 g. The arithmetic average (sum divided by n) influent and effluent load was 63.7 ± 22.1 g and 21.5 ± 9.6 g, respectively. Because the influent volume is assumed to equal the effluent volume for every rainfall-induced tile drainage event, the total load reduction percent was mathematically equivalent to the average load reduction (66.3%). The 95% confidence interval of the average as given by (2) was calculated based on the standard deviation of percent load reduction for 20 events. Thus, the total phosphorus load decreased by 66.3% ± 6.7% (α = 0.05, n = 20). Rainfall-induced tile drainage, total phosphorus EMC and load for each event in 2016 are shown in Figure 4 . All events exhibited positive total phosphorus capture (i.e., effluent EMC < influent EMC). Two events had influent EMCs greater than 1000 µg/L, but 13 of the 20 events had influent EMCs between 200 and 800 µg/L. By contrast, only one event had an effluent EMC greater than 200 µg/L and 9 of the 20 events had effluent EMCs less than 100 µg/L for total phosphorus. Thus, the total phosphorus EMC was reduced for all events.
Water 2017, 9, 672 9 of 17 and 9 of the 20 events had effluent EMCs less than 100 µg/L for total phosphorus. Thus, the total phosphorus EMC was reduced for all events. The total phosphorus load reduction for each event varied from 42% to 95% with an overall total phosphorus load reduction of 66.3% ± 6.7% (α = 0.05, n = 20). A substantial portion of the influent total phosphorus load (323.6 g, 25%) was contributed by two events: 19 August 2016 (178.3 g) and 15 September 2016 (145.3 g), as shown in Figure 4 . These two events contributed approximately 17.8% of the rainfall-induced tile drainage in 2016. Three other events each contributed between 100 and 130 g of total phosphorus load, which accounts for approximately 344.6 g (27%) of the overall influent total phosphorus load and 26% of the tile drainage. Thus, five of the 20 events (25%) contributed approximately 52.5% of the influent total phosphorus load and 43.7% of the tile drainage. This shows that a relatively small number of events with large tile drainage can contribute most of the total phosphorus load and tile drainage in a region where thunderstorms are common.
Total phosphorus was not measured in samples from 2015, but the total phosphorus influent load for all 2016 events was 1274 g. If this load is attributed to the entire 7.45-ha contributing watershed, the total phosphorus load per land area is approximately 171 g per ha (g/ha). This load only represents tile drainage between June and November 2016, and excludes any load that may have been contributed by non-sampled events. By comparison, ten Discovery Farms Minnesota (DFM) sites reported total phosphorus loads for the entire 2016 water year ranging from 11.2 to 157 g/ha for The total phosphorus load reduction for each event varied from 42% to 95% with an overall total phosphorus load reduction of 66.3% ± 6.7% (α = 0.05, n = 20). A substantial portion of the influent total phosphorus load (323.6 g, 25%) was contributed by two events: 19 August 2016 (178.3 g) and 15 September 2016 (145.3 g), as shown in Figure 4 . These two events contributed approximately 17.8% of the rainfall-induced tile drainage in 2016. Three other events each contributed between 100 and 130 g of total phosphorus load, which accounts for approximately 344.6 g (27%) of the overall influent total phosphorus load and 26% of the tile drainage. Thus, five of the 20 events (25%) contributed approximately 52.5% of the influent total phosphorus load and 43.7% of the tile drainage. This shows that a relatively small number of events with large tile drainage can contribute most of the total phosphorus load and tile drainage in a region where thunderstorms are common.
Total phosphorus was not measured in samples from 2015, but the total phosphorus influent load for all 2016 events was 1274 g. If this load is attributed to the entire 7.45-ha contributing watershed, the total phosphorus load per land area is approximately 171 g per ha (g/ha). This load only represents tile drainage between June and November 2016, and excludes any load that may have been contributed by non-sampled events. By comparison, ten Discovery Farms Minnesota (DFM) sites reported total phosphorus loads for the entire 2016 water year ranging from 11.2 to 157 g/ha for tile drainage [28] . The tile drainage at the IESF site appears to contain more total phosphorus load per area in six months than the annual load at DFM sites.
Phosphate
Summary statistics for phosphate are shown in Figure 5 and reported in detail in [27] . The influent total phosphorus EMC varied from 18 to 358 µg/L with a volume-weighted average EMC of 162 ± 33 (α = 0.05) µg/L. All events exhibited positive capture (i.e., effluent EMC < influent EMC) of phosphate, likely due to sorption with iron oxide surfaces in the IESF [17, 18] . As a result, the effluent EMC varied from 8 to 127 µg/L with a volume-weighted average EMC of 57 ± 13 (α = 0.05) µg/L. The phosphate load was reduced by 63.9% from 956 g to 345 g. The arithmetic average (sum divided by n) influent and effluent load was 30.8 ± 13.9 g and 11.1 ± 5.1 g, respectively, and the 95% confidence interval of the average as given by (2) was calculated for 31 events. Thus, the phosphate load decreased by 63.9% ± 7.7% (α = 0.05, n = 31).
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Summary statistics for phosphate are shown in Figure 5 and reported in detail in [27] . The influent total phosphorus EMC varied from 18 to 358 µg/L with a volume-weighted average EMC of 162 ± 33 (α = 0.05) µg/L. All events exhibited positive capture (i.e., effluent EMC < influent EMC) of phosphate, likely due to sorption with iron oxide surfaces in the IESF [17, 18] . As a result, the effluent EMC varied from 8 to 127 µg/L with a volume-weighted average EMC of 57 ± 13 (α = 0.05) µg/L. The phosphate load was reduced by 63.9% from 956 g to 345 g. The arithmetic average (sum divided by n) influent and effluent load was 30.8 ± 13.9 g and 11.1 ± 5.1 g, respectively, and the 95% confidence interval of the average as given by (2) was calculated for 31 events. Thus, the phosphate load decreased by 63.9% ± 7.7% (α = 0.05, n = 31). The influent phosphate load varied from 2.8 to 157 g per event with an average load of 31 ± 14 (α = 0.05, n = 31) grams per event and a total influent load of 956.1 g ( Figure 5 ). The effluent load varied from 0.4 to 61.7 g per event with a volume-weighted average of 15.6 (α = 0.05) grams per event and a total effluent load of 345.1 g. The load reduction for each event varied from 9% to 87% with an overall phosphate load reduction of 63.9% ± 7.7% (α = 0.05, n = 31).
The influent phosphate load for all events in 2015 and 2016 was 956.1 g. A substantial portion of that load (271.9 g, 28%) was contributed by two events: 19 August 2016 (157 g) and 16 July 2015 (114.8 g), as shown in Figure 6 . These two events contributed 16.5% of the tile drainage. Seven other events each contributed between 50 and 80 g of phosphate load in 2015 and 2016, which accounts for approximately 461 g (48%) of the overall influent phosphate load and 36.7% of the tile drainage. Thus, nine of the 31 events (29%) contributed approximately 76.7% of the influent phosphate load and 53.1% of the tile drainage. This further shows that a relatively small number of events with large tile drainage can contribute most of the phosphate load and tile drainage in an area where thunderstorms are common. The influent phosphate load varied from 2.8 to 157 g per event with an average load of 31 ± 14 (α = 0.05, n = 31) grams per event and a total influent load of 956.1 g ( Figure 5 ). The effluent load varied from 0.4 to 61.7 g per event with a volume-weighted average of 15.6 (α = 0.05) grams per event and a total effluent load of 345.1 g. The load reduction for each event varied from 9% to 87% with an overall phosphate load reduction of 63.9% ± 7.7% (α = 0.05, n = 31).
The influent phosphate load for all events in 2015 and 2016 was 956.1 g. A substantial portion of that load (271.9 g, 28%) was contributed by two events: 19 August 2016 (157 g) and 16 July 2015 (114.8 g), as shown in Figure 6 . These two events contributed 16.5% of the tile drainage. Seven other events each contributed between 50 and 80 g of phosphate load in 2015 and 2016, which accounts for approximately 461 g (48%) of the overall influent phosphate load and 36.7% of the tile drainage. Thus, nine of the 31 events (29%) contributed approximately 76.7% of the influent phosphate load and 53.1% of the tile drainage. This further shows that a relatively small number of events with large tile drainage can contribute most of the phosphate load and tile drainage in an area where thunderstorms are common.
Soluble Fraction
A pollutant can either exist in soluble phase (e.g., aqueous) or in particulate phase (e.g., attached to a mineral or incorporated into organic matter). The total concentration is the sum of the soluble concentration and particulate concentration, where the soluble portion is defined as smaller than 0.45 µm [24] . The soluble fraction can be calculated by dividing the soluble concentration by the total concentration. Calculating the soluble fraction can provide insight into the relative performance of the different treatment mechanisms. For sand filters, a portion of the particulates are captured by filtration on the surface and within the media. The IESF also captures a portion of the soluble phase of phosphorus (phosphate) through adsorption with iron.
The soluble fraction of phosphorus (%) for the rainfall event samples collected throughout this project are presented in Figure 7 . The influent soluble fraction varied from approximately 5% to 90%, with an average of 43.2% ± 12.6% (α = 0.05, n = 18), which is similar to values measured in urban stormwater [17, 18] . The effluent soluble fraction varied from approximately 15% to 75% with an average of 43.5% ± 10.0% (α = 0.05, n = 18). For comparison, nine Discovery Farms Minnesota (DFM) sites reported an average of 60% soluble fraction for tile drainage samples collected between 2011 and 2016. The soluble fraction reported by DFM is expected because tile drainage has already been filtered by the soil. For unknown reasons, the 2015-2016 influent to the IESF had an unusually high percentage of particulate phosphorus.
Performance data previously discussed in Section 3.1 show that phosphate and total phosphorus were captured by the IESF at approximately the same rate and the average soluble fraction of influent and effluent were similar (i.e., 43% and 44%, respectively). Thus, particulate phosphorus and soluble phosphate are captured at roughly the same level of performance. Relative to sand filters in urban settings, the particulate phosphorus capture performance was low, likely due to the smaller size of particulates in the agricultural tile drainage. 
Hydraulic and Phosphate Loading Rate
The IESF in this study was constructed in October 2012. Rainfall and flow rate data were not collected at the IESF until June 2015. Rainfall, however, is measured at a municipal airport (KCFE, Buffalo, MT, USA) approximately 8.7 km northwest of the IESF. The rainfall data measured at KCFE was correlated (R 2 = 0.869) to the rainfall data measured at the IESF during this project [27] , as
where Rain IESF = precipitation measured at the IESF site, Rain KCFE = precipitation measured at the Buffalo Municipal Airport (KCFE). Using Equation (3), the precipitation at the IESF can be predicted from historical rainfall data at KCFE for the periods when precipitation was not measured at the IESF. Approximately 253.6 cm of precipitation fell at KCFE between 30 October 2012 and 18 October 2016, which can be extrapolated to total precipitation depth of approximately 301.2 cm at the IESF using Equation (3) . Multiplying the contributing area (7.45 ha) by the rainfall depth (301 cm) yields a predicted rainfall volume of approximately 224,500 m 3 . Given an estimated tile drainage "runoff coefficient" of 0.12, the estimated tile drainage was 27,000 m 3 , which corresponds to the total volume of water treated by the IESF since it was constructed. Dividing the volume treated (27, Overall, the performance of the IESF in this study (63.9% phosphate and 66.3% total phosphorus load reduction) is comparable to other agricultural treatment practices and studies of IESFs. The IESF captures more phosphorus than constructed wetlands, for both total phosphorus (2-44%, [10] [11] [12] [13] [14] ) and phosphate (9%, [12] ), though the data falls within the upper range reported for a study of 17 intensively studied constructed wetlands (TP = 1-88%; DRP = −19 to 89%, [15] ). Laboratory experiments of IESFs in previous studies found an average of 88% phosphate capture with a total treated depth of 200 m [18] . The amount of tile drainage water treated by the IESF in this study from October 2012 to October 2016 was approximately 290 m of treated depth, which exceeds previously investigated treated depths (200 m) [17, 18] . An IESF trench after less than one year of operation exhibited an average of 60% phosphate load reduction for 7.2% iron by weight, and 78.8% phosphate load reduction for 10.7% iron by weight [29] . The measured performance is also expected to be less in field studies compared to laboratory studies due to ion competition with phosphate of natural stormwater and tile drainage compared to laboratory synthetic stormwater.
Maintenance
Regular, routine maintenance began within one or two years of construction and consisted of Wright SWCD staff visiting the site once or twice per month to (1) remove vegetation, iron ochre, and algae from the IESF, and (2) scrape and level the surface as needed. These activities occurred during the months of May through September of each year and required one or two individuals less than approximately one hour each to complete per site visit. In addition, non-routine maintenance was needed in May 2016 to remove a substantial accumulation of vegetation, iron ochre, and algae from the surface and required two individuals for approximately 2 h each.
Iron ochre is a waste product from bacteria that oxidize dissolved minerals such as iron and was visible on the IESF as a rust colored sludge when wet and as a rust colored thin crust/cake when dry. It is likely that the dissolved iron in the water from the tile drainage was sufficient to support bacteria that produce iron ochre. The accumulation of iron ochre and subsequent biofouling reduced the hydraulic capacity of the IESF in locations near the inlet to near zero, resulting in small pools of water between rainfall-induced tile drainage events. Algae sometimes grew within standing water on the IESF surface, and was also removed during routine maintenance. The combination of iron ochre, algae, and biofouling caused "creeping failure" on the surface of the IESF, moving slowly from the inlet towards the outlet. If vegetation, iron ochre, and algae were not removed during routine maintenance, accumulation would begin to clog the entire IESF surface and prevent treatment. These maintenance activities are recommended as part of the management of other, similar IESF systems.
Application to Other Locations
The objective of this project was to measure the performance of an IESF with regards to the capture of total phosphorus and phosphate from agricultural tile drainage. The performance of this IESF is specific to this design, this location, and the period of time over which it was monitored. It is feasible, however, that an IESF could be installed in other locations to capture total phosphorus and phosphate. To aid designers, several important design considerations are listed in the following section and an example design calculation is provided in [27] .
IESF Design Considerations:
• The IESF must be allowed to drain, and therefore the outlet of the underdrain system below the IESF must be placed above the high-water elevation of the downstream conveyance system and/or waterbody. This will prevent inundation of the IESF from downstream flooding.
•
Intermittent flow onto the IESF is recommended. As the current study has shown, however, near-continuous flow may be feasible if the underdrain system of the IESF allows atmospheric oxygen to reach the IESF media and the surface is not continuously inundated.
The IESF should be designed with 8% or less of iron by weight. Iron content greater than 8% may cause clogging and prevent flow through the system [18, 29] . Many IESF systems, including the one studied in this project, have used 5% iron by weight. In addition, it is recommended that the iron be mixed thoroughly with clean washed sand such as ASTM C-33 [21] . Too little or too much mixing may cause stratification of iron within the sand due to density and size differences, so it is important to regularly inspect the media during the mixing process. Previous installations have found that roto-tilling the iron into the sand in layers of approximately 5-10 cm deep adequately mixes the iron into the sand.
The iron used in the IESF should be high purity (90%+ elemental iron) with little or no toxic impurities (e.g., copper, cadmium, lead, etc.). In addition, the iron should be reactive with phosphate. Iron and impurity content should be verified independently of the supplier to ensure purity and prevent the leaching of contaminants into the filtered runoff.
For maintenance considerations, a filtration rate of 10 cm/h through the IESF media can be used to estimate the IESF surface area needed to treat a known or estimated (peak) flow rate. The smaller the IESF surface area, the greater the frequency of required maintenance.
For lifetime capacity considerations, a sorption capacity of 5 mg phosphate per gram iron [18] can be used to estimate the amount of iron needed to treat a known or estimated phosphate load.
Recommended maintenance of the IESF consists of (1) removal of vegetation, iron ochre, and algae and (2) leveling and scraping of the IESF surface. If vegetation, iron ochre, and algae are not removed during routine maintenance, accumulation will clog the IESF surface and prevent treatment.
Conclusions
An iron enhanced sand filter (IESF) was installed in Wright County, MT, USA to reduce soluble phosphate and total phosphorus loads from agricultural tile drainage. For this study, monitoring equipment was installed to collect volume-weighted composite samples during rainfall-induced tile drainage events of 2015 and 2016. Approximately 90% of the measured tile drainage corresponded to rainfall-induced events and approximately 10% corresponded to baseflow. During the study period, 33 rainfall events were monitored and IESF capture performance was determined for phosphate and total phosphorus.
The rainfall depth of events measured from approximately June through November in 2015 and 2016 varied from 0.05 to 7.32 cm per event with an average of 2.23 ± 0.70 (α = 0.05, n = 30) cm, a total of 66.95 cm, and an effective tile drainage "runoff coefficient" of 0.12. The total phosphorus load reduction varied from 42% to 95% with a volume-weighted average reduction of 66.3% ± 6.7% (α = 0.05, n = 20) in 2016. The phosphate load reduction varied from 9% to 87% with a volume-weighted average reduction of 63.9% ± 7.7% (α = 0.05, n = 31) in 2015 and 2016. The total phosphorus load reduction (66.3%) was similar to the phosphate load reduction (63.9%) because the IESF removed both particulate phosphorus and soluble phosphate. In addition, the influent soluble fraction varied from approximately 5% to 90% with an average of 43.2% ± 12.6% (α = 0.05, n = 18) and effluent soluble fraction varied from approximately 15% to 75% with an average of 43.5% ± 10.0% (α = 0.05, n = 18). The average influent and effluent soluble fractions are similar, thus suggesting that particulate phosphorus and soluble phosphate are captured at approximately the same level of performance for agricultural tile drainage.
Maintenance of the IESF consisted of: (1) removal of vegetation, iron ochre and algae; and (2) leveling and scraping of the IESF surface. This occurred approximately once or twice per month during the growing season (May to September) of each year and each occurrence required typically less than one hour per person for one or two people. Routine and non-routine maintenance performed since installation of the IESF resulted in reduction of total phosphorus and phosphate loads on the receiving water body for all rainfall-induced tile drainage events measured during this study. If vegetation, iron ochre, and algae were not removed during routine maintenance, accumulation would clog the IESF surface and prevent treatment. This level of maintenance was satisfactory to ensure proper flow rate and contact between the water and the IESF media and is expected to continue throughout the life of the IESF. These maintenance activities are also recommended as part of the management of other, similar IESF systems.
